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NEW LINAC TECHNOLOGY - FOR SSC, AND BEYOND? ™

R. A. Jameson
Los Alamos National Laboratory, Lns Alamos, NM 87545

Summar

With recert agreement on the high priority of
seeking funding for a Suparconducting Super Collider
(ssC), it is appropriate to consider the injector
linac requirements for such a machine. In so doing,
the status of established technique and advantages of
near-term R&D with relatively clear payoff are estan-
lished, giving a base line for some speculation about
linac possibilities even further in the future,

Introduction

At last year's Snowmass! and Oxford? meet-
ings, attention focused on a next-generation very
large hadron collider, and on possible limitations to
achievement of very high energies. Preliminary out-
line of the collider ervisioned a linac injector; the
requirements and capabilities were elaborated further
at the Cornell Workshop.’ The in‘tial questions
were could the injector linac provide a beam of ~50 mA
at 0.5-2.5 GeV with an output normalize. emittance
around In x 10°% merad and output energy spread <0.1%,
and how could its cost be minimized? It was felt that
achieving the lowest possible emittance would strongly
influence ring apertures.

As outlined below, we found that an essentially
“conventional” 1inac could meet the output current,
emittance, and energy-spread requirements. The
Cornell Workshop realized that the low emittance would
be of 1ittle advantage in the final, large ring
because hbeam-bheam i{nteractions would be the determin-
ing factor in aperture size. However, it was pointed
out by Y. Baconnier of CERN that if the emittance were
kept 1ow until the final spoiling in the big ring, it
would have a very advantageous effect on the aperture
requirement for the final booster ring--in fact, it
would allow the same magnets to Lte used for that
hooster as for the main ring.

Basic SSC Injector-Linac Design

A negative-hydrogen-ion linac to deliver 50-us
pulses at a 1.0-Hz repetition rate would consist of
an 1on cource, a radin-frequency quadrupole (RFQ)
buncher/preaccelerator, a drift-tube 1inac (DTL), and
a coupled-cavity linac (CL),

lon Source

Paul Allison (Los Alamos) estimates that the low-
est emittance one might expect for a low duty factor,
70-mA, 100-kev, 8 = 0,0146, H- fon source would be
A0,0275n mmemrad rms, normalized. We used A "water-
bag" distribution for simulation runs with total emit-
tance equal to six times the rms. We would expect the
source emittance to scale by roughly the square root
of the current,

RO Linac

The RFQ is a revolutionary new type of accelera-
tor for Yow-velocity fons and provides better capture,
bunching, and initial acceleration of significant {on
currents with less emittance qrowth than other meth-
ods. The current and emittance requirements stronqly
influence the operating frequency, chosen hore as

*Work supported by the US Department of £nergy.

440 MHz. A1l RFQ performance factors improve with
higher electric field; the value 30 #V/m, which prg-
duces an electric quadrupole gradient of 0.84 MV/cme,
was chosen from experience. The frequency scaling
for allowable peak surface field i3 based on an ion-
multipactoring model and empirical determination of
constants known as the Kilpatrick Criterion:®

2

f = 1.643 €° exp -(8.5/E)

the field Ekxp thus found is muitiplied by a "brav-
ery factor", K = 1.5 in this case, to determine the
actual allowed peak surface field by accounting for
the influence of modern techniques in raising the
sparking 1imit. The resulting RFQ takes the beam from
100 keV to 2.5 MeV in 3.74 m; with 93% transmission
giving 65 mA at the output; having normalized, rms
transverse emittance of 0.085r mmemrad; and
longitudinal emittance ccataining 90% of the bean of
~0.45n deg*MeV, with $30° phase spread and *0.015-MeV
energy spread.

Drift-Tube Linac

Transition is made to a DTL at the same fre-
quency, 440 MHz, and peak surface field. In the con-
text of the entire system, we studied the energy tran-
sition from DTL output to the subseguent high-beta CCL
between 100-200 MeV. The overall cc.t increased about
10% over this range in transition energy; from longi-
tudinal beam dynamics considerations, we chose 125 MeV
for preliminary design. Constant length (2.54 cm),
constant strength (18 kG/cm), permanent-magnet quadru-
poles (PMQ) are used in the 200-cell, 40-m DTL, At
125 MeV, the transverse normalized, rms emittance 1is
0.125n mmemrad, longitudinal emittance is 0.3 deg-MeV
rms and 1,36+ deg*MeV at the 90X contcur, and
transmission is 100X,

Coupled-Cavity Linac

The final enerqy for the linac 1injector could
range from 0.5-7.5 GeV, depending on the booster
design: 1in any case, the fina' CCL linac comprises
most of the injector length and has a strong cost
impact. Increu. *d current limits and emittance damp-
ing allow this section to operate at a higher integer
multiple frequency, 1370 Mhkz hare, where components
are smaller. The peak surface field at 1.5 Exp is
48 MV/m, but the accelerating field gradient chosen
here is restiicted, for reasons outlined below, to
8 MU'/m, Transverse focusing i< provided by a 6-kG/cm,
5.08-cm-long PMO in a coupling cell «ofter every 11
accelerating cells. A length of 425 m is needed to
reach 2.5 GeV, where the transverse i rmalized rms
emittance is 0.72» mm*mrad and over 50 maA is contained
within the 90% contour of 1.0v mmemrad. Transmission
1s 100%. Longitudinally, 90X of the output beam is
within +1,6° (at 1320 MHr) and $0.5 MeV, with rms
emittance of 0.18r deg-MeV.

Injector-Linac Costing and Important System lradeoffs

Basic lina costs are given by

Cost = R{P , Ph) + SL + AC (Pc“ + P

c\ h) '



where R = cost/peak rf watt; Pcy = accelerator
structure peak power due to losses; Pp = beam peak
power; S = siructure cost/unit length; L = accelerator
lergth; AC = ac unit power cost; Pe, and Py are struc-
ture and beam averaZr power, equal to peak power times
duty factor. The first two terms represent capital
investment; the last ter: adds in the operating cost
over the expected life. P¢, = (Eql)?/IL « (aW)é/IL
where Eq is accelerating gradiont/unit length; 7 is
effective structure shunt impcdance/unit  length
(includes transit time and synchronnus phase-angle
factors): and aW is the desired, fixed, particle-
energy gain of the linac. Py = (aW)(deam cur-
reat).  Substitution shows the structure power cost
varies inversely with length, whereas the structure
cost varies directly with length. Therefore, there 1:
a strong tradeoff between accelerating gradient and
Jengtr, and choice of the maximum achievable acceler-
ating gradient is not a priori desiroble. Tgnoring
the operating cost, differentiation with respect to
length yields the optimum length and thus gradient for
Towest cost:

Ec opt = (SZ/R)/2, independent of ak;
Lopt = aW(R/SZ)1/2;
Copt = tH[P(SR/2)1/2 + R1], linear in 4.

At the optimum, RPc, = SL. Folding in operating
cost will push the optimum E, down and optimum L up.

CCL Structure Efficiency

We need to examine the cost equation further to
see more of the influencing factors. It is reasonable
to expect that we would want to exploit the accelera-
tor structure to some physical limit, even thouah the
cnst relation warns us to be careful., The applicable
physice) limit will depend on the application and
could be, for example, removal of average waste power,
voltage hreakdown, surface damage due to high peak
power, magnetic field limitations, snace-charge limit
on current, and so on. The SSC injector-linac beam-
cur-ent requirements, pulse length, and duty-factor
considerations essentially fix the operating frequency
near the 440 MHz/1320 MHz chosen; in this f-enuency
anqe a limiting factor comes from the electric field
sparking 1imit as defined by the Kilpatrick Limit (KL)
ahove {20 MV/m at 440 MHz, 32 MV/m at 1370 MHz). The
cxperience factor K = E/Exp, by which Exp may be
miltiplied for modern structures, appears to be as
high as 2.5-3.0 for RFQs, and up to 2.0 for DTL and
SSC structures. Thus, for our 1320-MHz CCL, we can
consider peak surface fields of up to about 54 MV/m,

A1) the p~ak surface field, however, cannot be
used for acceleration--qeometry factors in practical
structures reduce the effective gradient on-axis by
<ome factor. Tnis factor can be minimized but usually
at some cost, for example in shunt i{impedance 7 or
trans't-time factor, which would directly offset the
increasrd accelerating gradient, E,. For example,
nne structure with many desirable properties is called
the disk-and-washer (DAW) type (Fig, 1), The addition
of noses around the beam hole increases the transit-
time tactor, at some loss in shunt impedance, and
fncreases thn peak-surface-field to accelerating-field
ratio (E/E,)  from 1.94 with no nose to 5.37 with full
nose.  The Vaguine structure has a somewhat better
efficiency in using peak surface field as accelerating
finld, with the Chalk River structure intermediate,

The fabrication cost/unit length, S, of all these
stractures ¢ rovghl, the same, $50-100 K/m. The
tradeoffs  among  shunt impedance  (~60-100 Mu/m),
transtt time (0.8-0.97), and other det. ted factors
are also not dramatic. Therefore the gradient vs
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Croas-sections of four (CL types: the DAW
with and without nose, the Chalk River on-
axis coupled structure® and the Vaquine
structure.* E/Ey {is ratio of peak sur-
face field to accelerating aradient.

Fig. 1.

length cost tradeoff must domirate the choice of pti-
mum gqradient. Figure ? {1lustrates this result, - how-
ing the cost curves and relating F, Exp, ant E,
for the four structures. The cost mininy are all n&
about $20 M and require an accelerating gratient of
20 MeV/m,  The available Ey (30-40 MeV/m) at h = ° of
the more efficient structures cannot he economic ally
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Fig. 2. Cost estimate for the SSC 2.5-GeV injector

1inac as a function of XK, the ratio of peak-
surface-field € in the CCL accelerating struc-
ture to the Kilpatrick 1imit Egp = 32 AV/m
at 1320 MHz, and the CCL accelerating gradient
Eo as function of K. Curve; for the four
C%L geometries of Fig. 1 are plotted.

used, but the 20 MV/m E5 qiving the cost minimum is
avatlable below the sparking 1. t. The less effi-
cient structures cannot reach the ost minimum w!thout
sparking, although this is not too terious because the
cost minima are broad. Another loq5 at. the cost equa-
tion shows the optimum €, a (SZ/RV/2; thus, we could
use a higher accelerating gradient if we ~ould get the
effective structure shunt impedance up or the unit rf
power cost down,

A great deal of -f accelerating structure devel-
opment has occurred at frequencies <3 GHz, and it
fs unlikely that major {increases {n shu ¢ impedance
will occur. Also, as with structure cost, the cost
per peak rf watt at low duty factor is relatively
independent of frequency in this frequency range, at
about $0.01-0.015/watt., The quoted cor“s are for al)
source or structure components ready to connect to
utflities and building. The rf source building costs
are probably somewhat lower than the structure build-
ing costs, so this would push the optimum gradient up
somewhat .

Emittance Growth

1f 40-MV/m accelerating gradient is available for
the CCL, but we can only use half that for eronomic
reasons, why did we limit the 5SC {injector point
design by more than another factov of ?2, to 8 My/m?

The CCL and DTL accelerating qradients were assum>d
fixed throughout; this is the common practice. The
transverse emittance growths through the DTL and CCL
were 1.47 and 1.76. Much of this growth is because
the beam from the preceding stage has not been prop-
erly conditioned for minimum emittance growth in the
next stage. We know’ that the trancverse and lon-
gitudinal phase-sgace energy contents must be kept
roughly equal (termed equipartitioned) at all stages
of an accelerator or transients will occur in the
particle distribucion that force emittsnce transfer
between planes unti) equipartitinning occurs. In
typical linacs, the longitudinal phase-space energy
is larger than the transverse, and the transverse
emittance grows, especially when an abrupt change in
parameters excites new transients. The very hign
accelerating gradients suggested by the cost optimiza-
tion would exacerpate the emittance growth consider-
ably if we injected directly into the CCL at thorce
gradients. The Jlongitudinal emittance would also
deteriorate from the effeat of rf waveform nonlineari-
ties. T) realize the desired cransverse emittance and
2nergy spread for the point design, we limited the CCL
accelerating gradieny to 8 MV/m. Even then, the equi-
partitioning condition is badly violated and consider-
able emittance growth occurs in the transverse plane.
The cost impact of operating at thi. nonoptimum gradi-
ent 1s sianificant,

Research into how to maintain eguipartitioning
through a linac is just starting.--obviously it is an
important area for further work. We do know what the
matching and eguipariitioning conditions are for the
rms beam parameters, and have some knowlcdge of param-
eter space to avoid if minimum emittance growth is
desired. One clear requirement is that the beam must
be handled gently, with gradual deforma.ions to a new
state, We might be able to use the optimum 20 MeV/m
gradient for a substantial fractinn of the CCL by
injecting at a low gradient and gradually shaping the
acceleration parameters to bring the gradient up to
20 MeV/m. We know just enough at this point to know
that the proper prescriptions are not cbvious.

Synopsis of SSC Injector Linac

We have shown that an appropriate linac could be
built using conventional techniques. The optimum
cost is a tradeoff between accelerating gradient and
length., The cost would be higher than optimum because
the need to bound emittance growth forces us to choose
3 below-optimum accelerating gradient. The maximum
accelersting grajient achievable {s about twice the
optimum; thus, the oossibility for a shorter machine
cannot be economically exploited. It is probable that
R&D on linac design that maintains equipartitioning
would yield more cost-cffective designs and even het-
ter performance. Utilization of the achievable struc-
ture cradients probably requires work on reducing the
cost per rf watt,

Future Linacs, and Whither High Gradient?

Particle accelerators, and perhaps linacs par-
ti-ularly, using electrons, prutons, and a wide range
of ifons, are being app'ted more and more to practical
applications as well as research tools. The best
machine tor each job will vary as much as the applica-
tions do; but the need of high.energy physics for
extremely hich-energy particles, with enough luminos-
ity at the same time to conduct experiments, brings
most of =he {ssues into focus. Recently, several
entire meetings's'»* have been devoted to exploring
ultimate performance, and a number of excellent review
papers have been written’ !' on the genera! problem
and varfous aspecis of the “upporting technology. |
will not presume to rederive or even to review all of



this work here, but will borrow freely, especially
from M. Tigner (Cornell) and D. Prosnitz (LLNL), in
order to add a few remarks to the subject.

In particular, in looking at the SSC injector
possibilities where achievable high accelerating gra-
diants are not usable, 1 became interested in whether
“he idea of super-high gradient (100s to 1000 MeV/m),
nd therefore short 1linacs, reaily make any sense

zenomically, In at least one scenario, outlined by
‘osnitz'? and sketched out below, matters appear
¢ omising.

Bea  Loading

The linac costing equatiun indicates that it
would be desirable to have the beam power dominate the
structure power. However, intense bunches extract
energy directly from the storud energy in the system,
and generate wake fields that affect the foliowing
particles. The maximum allowable beam power? to
stored rf power ratio therefore is only about 10%.

Boyd'® has shown how a stagger-tuning concept
might significantly enhance the achievatle charge
transfer through a Vinac op - rating in a stored-enerqgy
mode. Each bunch would pass through cavities or
blocks of cavities operating at different synch:-onous
phases achieved by phase modulation of two separatc rf
sources, or by operating the sources at slightly dif-
ferent frequencies and injecting the particles when
the bteat has the proper phase relationship. wWithout
consideration of wake-field effects, he shows that a
radiog~aphic machine could produce an order cof magni-
tude mare hremsstrahlung flux by using this techrique
to transfer more charge within the specified emittance
and enargy-spread requirements,

Gluckstern, Cooper, and Channel!*
have extended the wake-field analysis to include
effects of coupling between accelerating cells
externsl focusing, and te elucidate the transient
steady-.state conditions,

An amalgamation of these considerations is
needed, and would be an important consideration,
example, in the machine scenario outlined helow.
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Frequency Scaling

In Fiq. 3, the possible lirits to accelerating
qradiert, for a structure with p2ak-surface-field to

accelerating qradient ratio of 2, are diaqrammed. The
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Fiq. 3. Approximate limits on accelerating gradient,
for structures with assumed ratio of peak
su-face field to accelerating gradient equal
to two, vs wavelength., Kilpatrick limit-line

also assumes peak surface field of twice KL.

Kilpatrick-1imit line, which scales as f1/2, has been
added to the electron-induced breakdown and surface-
heating limits derived by Tigner and Prosnitz.? A
frequency around 30 GHz may be at about the point of
diminishing returns, and gradients of a few hundred
MeV/m may be possibie. We assume that beam-dynamics
consideration would allow their use,

In loa?eg waveguide structures, 7hunt impedance 2
scale; as f1/2 and, if we use E a f1/2, the structure
power requ.red would stay relastively constant, while
the siructure cost term in the cost equation would
decre?ﬁg. The cost, length, and gradient optima scale
as fX1/4  which is not very fast.

As noted ahove, structure cost does not seem to
vary much with freguency, running about $50-100 K/m.
Fvidently, as we decided above, the cost per rf watt
would have to be significantly reduced to enabie the
economical use of high accelerating gradient.

‘Rs  outTined hy Prosnitz,TT r¥ generators are
being developed for high power at high frequenciec,
but there ary disadvantages in that many of these
devices are oscillctors, rather tnan amplifiers in
which amplitude and frequency or phase can be con-
trolled, and many require high magnetic fields that
add to the cost. Reliability also is not adequzte
yet. At high gradicnt, the amount of power reyuired
per meter is very high, although at high frequency,
the amount of energy nseded per meter is dramatically
reduced, because E¢ o W2U, Tube-type  sources
can produce relevant unit power/m at 10 GHz, but not
yet at 30 GHz, where paralleling would be needed.
Given these uncertainties, I have not tried to esti-
mate the 3/rf watt cost for these drivers, but imagine
that it would still be ~$0.01/rf watt. In this case,
high acceierating gradient woula not be economical.

Two-Beam Accelerator

Prosnitz goes on to outline a scenario that,
although a very formidable physics and engineering
challenge, appears quite remarkable upon reflection.

The proposed linac would accelerate 5 < 10!
particles per bunch to 390 Gev at 1-kHz repetition
rate in & 35-GHz., n~/3-mode, Jungle-gym-type struc-
ture with 2 = 210 Ma/m, Q= 2.5 x 107, operating
at 200-MeV/n accelerating gredient. The rf power
requirement ‘s 235 MW/m, but oriy 12 J/m with 50-n<
pulses,

The driver would use a low-vclitaye (1.8 MeV) but
high-current (500-A) electron beam and would convert
fts energy to 35 GHz rf. using distribtuted wigglers
in a single-pass free-electron-laser (FEl) source/
amplifier. FEl wiggler and induction-linac sections
would be alternated so that the electron beam energy
Tost in a wiggler section (decelerating gqradient
i.h MeV/m) would be made up in the next induclion-
linac section., With 1.8-MeV/m equiiibr.um beam volt-
age an . 350-A bunched current, it is estimated that
70 MW/m of rf cou'at be produced. The conyersion
efficfency is estimated to be very high, >70%,
which {s botter than klystrons, ec<pecially high-peak-
power klystrons, at 3 GHz and below, The rf is used
to drive the high-voltage, low-currert accelerated
heam, so that the entire system is like a transformer.

Induction-11nac and permanent-magnet wigqler
structure costs are probably conservatively estimat~d
in the same $%0-100 K/m range 45 the rf structures;
therefore, one crude estimate of the cost per rf watt
o {350 K/m) /(235 MV/m} = 2 x 10-% 3/¢rf watt., Another
crude estimate 1 to use the $:0 M construction tudget

for the 50-MeV, 10-kA ATA at lLawrence Livermore
National Laboratory, which tmplies 1 x 10-% $/rf watt,
A more detailed estimste Ly Prosnitz,'' indicdtes

1.7 x 10-3 $/rf watt, Because induction-linac costs
scale with the joules (voltey) required, the low cu--
rent here, compared to ATA, penalizes the power cost.



If it can be realized, this is ind2ed the kind of
cost reduction needed to reduce the total cost of
accelerating a smail number of particles to very high
energies and to make the use of very high gradients
economical. Discounting the costs to $100 K/m and
5 x 10~ $/rf watt would 1m51y reductions in the
optimum cost terms of (20)1/2 “and (20) compared to
R = 162 y/rf watt, and an optimum acce]erating
gradient of o gpt = [(109)(210 x 106)/(5 x 10-4)]V/
= 200 MeV/m!

Conclusion

for at least this possible two-beam accelerator
FEL-accelerator, the rude introduction of economics
does not spoil the picture, but indicates that, as in
the past, innovation might stil) significantly affect
the achievenent of even higher energy particle beams
of sufficient luminosity. In particular, at least
this approach (because it provides low-coct rf), would
allow high accelerating gradients in the several hun-
dred ¥eV/m range to be economically used.
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